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Abstract. For the determination of aerosol optical thickness
(AOT) Bremen AErosol Retrieval (BAER) has been devel-
oped. Method and main features on the aerosol retrieval
are described together with validation and results. The re-
trieval separates the spectral aerosol reﬂectance from sur-
face and Rayleigh path reﬂectance for the shortwave range of
the measured spectrum of top-of-atmosphere reﬂectance for
wavelength less than 0.670µm. The advantage of MERIS
(Medium Resolution Imaging Spectrometer on the Envi-
ronmental Satellite – ENVISAT – of the European Space
Agency – ESA) and SeaWiFS (Sea viewing Wide Field Sen-
sor on OrbView-2 spacecraft) observations is the availability
of several spectral channels in the blue and visible range en-
abling the spectral determination of AOT in 7 (or 6) chan-
nels (0.412–0.670µm) and additionally channels in the NIR,
which can be used to characterize the surface properties. A
dynamical spectral surface reﬂectance model for different
surface types is used to obtain the spectral surface reﬂectance
for this separation. The normalized differential vegetation
index (NDVI), taken from the satellite observations, is the
model input. Further surface bi-directional reﬂectance distri-
bution function (BRDF) is considered by the Raman-Pinty-
Verstraete (RPV) model. Spectral AOT is obtained from
aerosol reﬂectance using look-up-tables, obtained from ra-
diative transfer calculations with given aerosol phase func-
tions and single scattering albedos either from aerosol mod-
els, given by model package “optical properties of aerosol
components” (OPAC) or from experimental campaigns. Val-
idations of the obtained AOT retrieval results with data of
Aerosol Robotic Network (AERONET) over Europe gave a
preference for experimental phase functions derived from al-
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mucantar measurements. Finally long-term observations of
SeaWiFS have been investigated for 11 year trends in AOT.
Western European regions have negative trends with decreas-
ing AOT with time. For the investigated Asian region in-
creasing AOT have been found.
1 Introduction
Several applications in climate research and environmen-
tal control require a determination of spectral aerosol op-
tical thickness. Since most of the aerosol source regions
are on land, retrieval methods for applications over land
are of importance. Other than over ocean, where the sur-
face reﬂectance in the NIR is negligible and the retrieval
approaches can assume as “black” surface, land surface can-
not be assumed as “black” and need to be estimated and cor-
rected. Therefore all land applications for the determination
of aerosol need a separation of land surface properties from
atmosphere before one can retrieve aerosol optical thickness.
Dual- or multi-view techniques, like in approaches using
data of the ATSR-2, AATSR ((Advanced) Along Track Scan-
ning Radiometer) or the MISR (Multiangle Imaging Spectro-
Radiometer) instruments, can separate the surface properties
from two (or even more - for MISR) collocated observations
under different viewing angles, assuming that atmosphere
and surface can be described sufﬁciently for both observa-
tions.
Ocean colour sensors, like MERIS or SeaWiFS are sin-
gle view instruments and the spectral surface contribution
needs to be estimated from the observed spectral proper-
ties of top-of-atmosphere reﬂectance. Retrieval approaches
for such sensors are provided by von Hoyningen-Huene et
al. (2003) and Hsu et al. (2004). An overview of the present
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Fig. 1. Main spectral properties of land and ocean surface and its TOA reﬂectance. Left: land conditions with continental aerosol, right:
ocean conditions with clean marine aerosol. Restrictions for the aerosol retrieval over land arise from increase of surface reﬂectance due to
the “red edge” (λ>0.67µm) and an increased variability of surface reﬂectance by the chlorophyll peak at 0.55µm.
status of aerosol retrieval from space is given in several con-
tributions to Kokhanovsky and de Leeuw (2009). The aim
of this contribution is to describe the aerosol remote sens-
ing approach, called Bremen AErosol Retrieval (BAER), for
multi-spectral single-view instruments in its present status.
Fromitsﬁrstpublication(vonHoyningen-Hueneetal., 2003)
signiﬁcant improvements of BAER have been made, which
will be presented here. The main change compared to older
publications is the consideration of a non-Lambertian sur-
face, which reduced the random sacttering of the retrieved
AOT results in comparison with ground-based observations
as shown in Dinter et al. (2009).
2 Requirements for ocean colour instruments for
aerosol investigations over land
Since the surface contribution cannot be neglected in aerosol
retrievals over land, like over ocean, it needs to be cor-
rected. Therefore a retrieval of aerosol optical thickness
(AOT) over land requires sufﬁcient spectral information on
top-of-atmosphere (TOA) reﬂectance in the blue, VIS and
NIR channels, to estimate the surface contribution, its spec-
tral properties and to correct them for suitable channels,
where the surface contribution is weak. One needs a spec-
tral region, where the surface reﬂectance is low enough to be
corrected and to perform the aerosol retrieval. Furthermore a
spectral region is needed, where information on the surface
properties, like the vegetation status can be estimated.
Figure 1 illustrates the general different properties of the
TOA reﬂectance and its components over land (left) and
ocean (right).
Over ocean the surface reﬂectance as well the Rayleigh
path reﬂectance is low in the NIR for wavelengths λ >
0.67µm. Thus aerosol is the dominating inﬂuence. There-
fore over ocean conditions this region is used for the retrieval
of the spectral AOT.
Over land the TOA reﬂectance in the NIR is dominated
by the highly variable strong reﬂectance of the land sur-
face, as there is the high reﬂectance of the green vegetation,
changing with vegetation type, status and vegetation cover.
Generally, land surface reﬂectance decreases with decreas-
ing wavelength. Since for the aerosol retrieval the surface
reﬂectance in the blue and UV part of the spectrum cannot
be neglected, it needs to be estimated in an adequate way.
Although Rayleigh path reﬂectance increases with decreas-
ing wavelength, it can be calculated with sufﬁcient accuracy,
because wavelength and air pressure are known.
Thus, instruments for the retrieval of AOT over land re-
quire channels in the blue and shortwave visible spectral re-
gion for the retrieval of the aerosol and additionally channels
in the NIR to estimate the surface properties. The spectral
channels of the MERIS (Bezy ez al., 2000) and SeaWiFS in-
struments are listed in Table 1. In Table 1 the channels used
for the aerosol retrieval over land are indicated by AOT(L)
and the channels used for the estimation of surface proper-
ties by NDVI (Normalized Differential Vegetation Index).
Channels, used for AOT retrieval over ocean are indicated
by AOT(O).
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Table 1. Spectral channels of MERIS and SeaWIFS.
MERIS SeaWiFS Remarks
Channels 15 Channels 8
Wavelength (µm) Band width (µm) Wavelength (µm) Band width (µm)
0.4127 0.00994 0.412 0.02 AOT(L)
0.4426 0.00995 0.443 0.02 AOT(L)
0.4899 0.00996 0.490 0.02 AOT(L)
0.5098 0.00996 0.510 0.02 AOT(L)
0.5597 0.00997 0.555 0.02 AOT(L)
0.6196 0.00998 AOT(L)
0.6646 0.00999 0.670 0.02 AOT(L,O),NDVI
0.6808 0.00749
0.7083 0.00999
0.7534 0.00750 AOT(O)
0.7615 0.00374 O2-A absorption
0.7784 0.01501 0.765 0.04 AOT(O)
0.8648 0.02004 0.865 0.04 AOT(O)NDVI
0.8849 0.01001 AOT(O)
0.9000 0.01002 H2O
Table 2. Observation characteristics of the instruments.
Instrument Swath
width (km)
Spatial
resolution (km2)
Coverage Repetition time
(days)
MERIS
RR mode 1100 1.1×1.1 Global 2–3
FR mode 1100 0.3×0.3 Europe
SeaWiFS
LAC mode 2801 1.1×1.1 Receiving stations 1
GAC mode 1502 4.5×4.5 Global 1–2
MODIS
1km agglom. 2330 1×1 Global 1
If the requirements of the WMO Global Climate Observ-
ingSystem(GCOS,2006)shouldbefulﬁlled, AOTshouldbe
determined with 0.01. For a resolution of AOT of ±0.01, de-
pending on the aerosol type, the aerosol reﬂectance should be
detected within ±0.001. If all other inﬂuences were known,
then this is the required accuracy of TOA reﬂectance. There-
fore for the task of aerosol retrieval instruments with large
signal-to-noise-ratio – SNR (≥1000) should be preferred,
like MERIS, SeaWiFS or MODIS. Unless this requirement,
the needed assumptions, used by satellite based aerosol re-
trievals in general will presently not satisfy the GCOS re-
quirement.
The absolute accuracy in TOA reﬂectance is for MERIS
about 3% (Delwart et al., 2003; Martiny et al., 2005b) and
SeaWiFS 4% (Martiny et al., 2005a). This is sufﬁcient,
if one considers that disturbing effects, like land surface
and Rayleigh path reﬂectance, are not accounted for in the
above estimation. For the aerosol retrieval over land it is
of importance, that the instrument does not reach saturation
in its radiometric sensitivity. There is no saturation prob-
lem in the cases of MERIS and SeaWiFS. Unfortunately the
ocean channels of the Moderate Resolution Imaging Spetro-
radiometer (MODIS), which have the same wavelengths as
SeaWiFS saturate under some land conditions. Thus MODIS
land and atmospheric channels have to be used for the AOT
retrieval (Kaufman et al., 1997b) with deviating wavelengths
from those of MERIS and SeaWiFS BAER variants.
The maximal spatial resolution of MERIS is 0.3×0.3km
in the full resolution mode (FR). However for the retrieval of
AOT mostly the reduced resolution mode (RR) is used with
1.04×1.2km. This is similar to the local area cover (LAC)
of the SeaWiFS instrument with 1.1×1.1km or to 1×1km
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Fig. 2. Scheme of the main steps of BAER and its interactions.
agglomerated data of the MODIS instrument. SeaWiFS data
are provided also in global area cover (GAC) with spatial
resolution of about 4.5×4.5km.
A summary and comparison of the instrument parameters,
like swath width, spatial resolution, coverage and repetition
time are given in Table 2.
The SeaWiFS instrument has the advantage over MERIS
and MODIS to operate in a mode 20 deg tilted away from the
sun in the direction of the track. This avoids strong sun-glint
effects over the ocean. It also reduces the BRDF effects from
land surface. Thus, the BRDF model in Sect. 3.3 is not so
sensitive to the parameter choice. Since for MERIS no tech-
niques are applied to avoid sun-glint, over ocean about 40%
of the swath is contaminated by sun-glint in lower latitudes.
3 Bremen AErosol Retrieval (BAER)
3.1 Main steps of BAER
The main steps of BAER described in detail in the following
sections are summarized in Fig. 2.
The reading procedure selects the needed measured and
auxiliary data for the determination of the required aerosol
reﬂectance. These are solar and viewing geometry, geo-
graphical coordinates, TOA radiance, extraterrestrial solar
radiationandpreparestheTOAreﬂectancefortheretrievalof
aerosol reﬂectance and AOT. Also the surface elevation data
for the consideration in the Rayleigh path reﬂectance calcu-
lations are taken from a digital elevation model, GTOPO30
from US Geological Survey (USGS) and are assimilated
within the scene.
At ﬁrst a discrimination step analyses the TOA reﬂectance
ρTOA (0.865µm) at the wavelength of 0.865µm and the sur-
face elevation data z to discriminate land, ocean and clouds
anddirectsthescenetothecorrespondingroutinesofthepro-
gram. Land is selected if z>0m and ρTOA ≥0.1, ocean is
selected with z=0m and ρTOA <0.1 and clouds are selected
by the cloud screening of Sect. 3.6. Additionally the NDVI
(Normalized Differential Vegetation Index), Eq. (6) is used
to discriminate land from water.
For ocean targets an ocean surface is used instead of the
land surface and the ocean algorithm is therefore much more
simple than the land part. It can beneﬁt of the low water sur-
face reﬂectance in the NIR channels of the instruments and
use therefore all MERIS or SeaWiFS channels. The principle
of the ocean algorithm is the same as for the land algorithm
with different surface properties. Thus we do not describe
the ocean algorithm separately.
Aerosol reﬂectance as it is described in Sect. 3.3. is de-
termined for cloud free land and ocean targets, and if it is
obtained, AOT according to Sect. 3.4 is retrieved. For this
Rayleighpathreﬂectanceiscalculatedforthegivenillumina-
tion and viewing geometry conditions, the height conditions,
using barometric pressure equation and dry adiabatic lapse
rate for the consideration of elevation effects for the determi-
nation of Rayleigh optical thickness and air mass factors.
After this step the surface reﬂectance model (Eq. 6) is used
for the initialization of the iterative determination of spectral
AOT: (a) determination of aerosol reﬂectance, (b) derivation
of AOT by the selected LUT, (c) analysis of the smoothness
of spectral AOT by RMSD between retrieved and Angstr¨ om
power law approximation and (d) correction of spectral sur-
face reﬂectance until RMSD<0.005 or return to (a). The
iterative procedure to constrain smoothness is described in
Sect. 3.5.
If the RMSD has reached 0.005, then the spectral AOT
for all channels below the red edge is obtained. Together
with this the Angstr¨ om spectral slope α for the spectral range
of 0.412–0.865µm is found. With this an extrapolation of
spectral AOT for all MERIS channels above the red edge is
madeandanatmosphericcorrectionisperformedtocalculate
spectral surface reﬂectance for all MERIS channels.
3.2 The TOA reﬂectance
Nadir viewing satellite instruments generally measure the
up-welling directed radiance L↑, giving the top of at-
mosphere (TOA) reﬂectance ρTOA(λ) = πL↑(λ)
E0(λ)·cos(z0), by
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reference to its solar irradiation E0, for the zenith distance
z0 for each considered wavelength λ. The spectral depen-
dence of all radiative properties is omitted in the follow-
ing equations. Following Kaufman et al. (1997a), the top-
of-atmosphere reﬂectance (Eq. 1) is composed of the atmo-
spheric path reﬂectance ρBlack
Atmos and the surface contribution,
inﬂuenced by the atmosphere (second term). There ρBlack
Atmosis
the atmospheric path reﬂectance for a “black” underlying
surface. It depends on δAer, δRay – the optical thickness
for aerosol and Rayleigh scattering, p(θ) is the atmospheric
phase function, composed of aerosol and Rayleigh scatter-
ing, depending on scattering angle θ, ω0 – the single scatter-
ing albedo of atmosphere and the geometry conditions, the
zenith distances for illumination z0 and viewing zS and the
relative azimuth φ. The second term is determined by the
surface albedo ASurf, the total transmission ttot for the illumi-
nationandviewinggeometryandthehemisphericreﬂectance
rHem.
ρTOA(z0,zS,φ) = ρBlack
Atmos(z0,zS,φ,δAer,δRay,p(θ),ω0,0)
+
ttot(z0)ttot(zS)ASurf(z0,zS)
1−ASurf(z0,zS)rHem(δtot,g)
(1)
Equation (1) is valid for each wavelength, e.g. all parame-
ters have to be known with their spectral properties for the
channels used.
This equation is in a good agreement with reality, if ocean
conditions in the red and NIR are known.
However, over land with a real surface reﬂectance, which
is not “black”, multiple scattering between surface and at-
mosphere introduces coupling terms between all components
of the radiation transfer, causing deviations from idealized
assumptions. Further the combined atmospheric path re-
ﬂectance disables a simple separation of the aerosol path re-
ﬂectance for a retrieval of aerosol optical thickness from the
combination with the Rayleigh scattering and multiple scat-
tering effects.
3.3 Aerosol reﬂectance over land
The basic approach of the Bremen AErosol Retrieval
(BAER) is described in von Hoyningen-Huene et al. (2003,
2006).
Fortheretrievalofaerosolopticalthickness, theseparation
of aerosol reﬂectance from top-of-atmosphere reﬂectance is
required by correcting for the Rayleigh path reﬂectance ρRay
and the surface term.
ρAer(z0,zS,φ,δAer,pAer(θ),ω0,0) = ρTOA(z0,zS,φ)
−ρRay(z0,zS,φ,δRay,p,0)
−
ttot(z0)ttot(zS)ASurf
1−ASurfrhem(δtot,g)
(2)
In this form ρAer contains aerosol reﬂectance and mul-
tiple scattering effects between molecules, which can be
Fig. 3. Relative BRDF calculated for two illumination conditions
(solar zenith angles 22.39◦ and 63.11◦) and the viewing range of
MERIS for different parameters of the RPV model, used in the VIS
channels.
considered within the look-up-tables. Rayleigh path re-
ﬂectance ρRay is calculated by a radiative transfer model, us-
ing Rayleigh optical thickness for a given wavelength (Buch-
holz, 1995), the Rayleigh phase function, the illumination
and viewing geometry and the actual temperature and pres-
sure conditions at the surface. Barometric height equation
and dry adiabatic lapse rate are used together with the digi-
tal elevation model (GTOPO30) to correct Rayleigh path re-
ﬂectance and air mass factors to the actual conditions within
the satellite scene, δRay(λ,p,T)=
p
p0 ·
T0
T ·δRay(λ). Sea level
pressure p0 is taken from ECMWF data or if not available
as standard pressure, T0 is obtained from a climatology of
Max-Planck-Institute in Hamburg.
The correction of the surface effects requires the applica-
tion of a surface model, which can be adapted to the spectral
and geometry conditions of the satellite scene. The consider-
ation of the surface term requires the knowledge of the spec-
tral surface albedo ASurf, if the surface can be assumed as
Lambertian. Investigations of Dinter et al. (2009) showed
signiﬁcant bias in the AOT depending on swath position, if
Lambertian surface assumption is used. Since the land sur-
face is in reality a non-Lambertian ground, the spectral sur-
face albedo has to be substituted by the directed spectral sur-
face reﬂectance:
ρSurf(λ,z0,zS,φ)=BRDF(z0,zS,φ)·A(λ) (3)
BRDF(z0,zS,φ) is the normalized bi-directional reﬂection
function to the nadir position, based on the Raman-Pinty-
Verstraete model (RPV) (Maignan et al., 2004) describing
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Fig. 4. Main surface reﬂectance spectra used for the surface re-
ﬂectance model such as “green vegetation” and “bare soil” in com-
parison with experimental data. The high reﬂectance of bright soil
causes additional restrictions for the aerosol retrieval.
the relative deviation of the reﬂectance for the given illu-
mination and viewing conditions. Examples are presented
in Fig. 3. The relative BRDF shows a signiﬁcant deviation
from Lambertian conditions (BRDF(z0,zS,φ)=const=1.0).
The shape of the BRDF can be described by 3 parameters.
Since the parameters depend on surface type, the selection of
the appropriate shape parameters is still an open task. The
analysis of POLDER observations can help to establish a re-
gional data base of the required parameters. Ignoring BRDF
leads to a bias of AOT along the viewing geometry or re-
quires the application of apparent aerosol phase functions,
including BRDF effects.
The present realization of BAER uses one set of BRDF
parameters for the whole scene, ignoring regional variations.
TheBRDFparameterstobeusedarestillunderinvestigation,
because they are variable and depending on the surface type.
The normalized BRDF is used as
BRDF(z0,zS,φ,λ)=
BRDF∗(z0,zS,φ,λ)
BRDF∗(z0,zS =0,φ,λ)
, (4)
where BRDF∗ is described by the RPV model.
BRDF∗(z0,zS,φ,λ) = ρSurf(λ)·
cosk−1z0·cosk−1zS
(cosz0+coszS)1−k
·
1−ϕ2
(1+ϕ2−2ϕcos(π −arccosθ))1.5
· (1+
1−ρSurf(λ)
1+G
) (5)
with G=
q
tan2z0+tan2zS −2·tanz0·tanzS ·cosφ.
The input parameters are ρSurf(λ), taken from a ﬁrst guess
with Eq. (6), made for Lambertian conditions (BRDF=1), k
and ϕ as model parameters and the geometry conditions with
θ as scattering angle and the solar and viewing zenith an-
gles. k describes the surface anisotropy and ϕ – the forward –
backward scattering of the surface. Thus the diffuse directed
reﬂection of the surface can be described. As preliminary
values, k =0.65 and ϕ =−0.06 are used, obtained from sites
over Germany, minimizing the AOT deviations from ground
based AERONET data. With these settings the bias along
the viewing geometry of the Lambertian ground could be re-
duced for MERIS observations. However, not all regional
variations disappear and a regional variable data set is re-
quired. For SeaWiFS data the sensor tilt reduces the BRDF
effect, thus the values found over Germany seem to be sufﬁ-
cient.
The spectral properties and the magnitude of the surface
are given by the spectral albedo, described by a linear mix-
ing model, using two basic spectra for “green vegetation”
ρVeg(λ) and “bare soil” ρSoil(λ). Since the spectral proper-
ties of the surface reﬂectance will be expressed by ρ
Surf(λ)=
CVeg·ρVeg(λ)+(1−CVeg)·ρSoil(λ), the surface albedo will
be
ASurf(λ,z0,zS,φ) =
SF
BRDF(z0,zS,φ)
·ρ
Surf
=
SF
BRDF(z0,zS,φ)
(6)
· (CVeg·ρVeg(λ)+(1−CVeg)·ρSoil(λ)).
As proxy for the vegetation fraction the NDVI is used.
CVeg =NDVI∗ =
ρ∗(0.865µm)−ρ∗(0.665µm)
ρ∗(0.865µm)+ρ∗(0.665µm)
(7)
with ρ∗ =ρTOA−ρRay−ρGuess
Aer is taken from the NDVI∗, the
atmospherically corrected NDVI of the scene, and the scal-
ing factor SF is used to adapt the spectrum to the radiation
conditions in the scene
SF=
ρTOA(0.665µm)−ρRay(0.665µm)−ρ∗
Aer(0.665µm)
CVeg·ρVeg(0.665µm)+(1−CVeg)·ρSoil(0.665µm)
.(8)
Since ρ∗ requires a ﬁrst guess of the aerosol reﬂectance,
an estimate from channel 1 (0.412µm) is used, assuming
a “black” surface. This gives a ﬁrst overestimated guess
of AOT, since surface reﬂectance decreases with decreas-
ing wavelength. This AOT is transferred to the channel
0.665µm, using Angstr¨ om power law with an exponent of
1 and giving the estimate of the aerosol reﬂectance for this
channel.
The surface model of Eq. (6) is used in Eq. (2) for the
determination of the aerosol reﬂectance from satellite data.
The spectra of both surface types (“green vegetation” and
“bare soil”) are shown in Fig. 4. Averages of measured
data of the LACE-98 experiment (Ansmann et al., 2002;
von Hoyningen-Huene et al., 2003) have been combined
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Fig. 5. Sensitivity of aerosol reﬂectance ρAer(λ) against deviations
ofsurfacereﬂectanceρSurf(λ)fromtruevalueforselectedgeometry
conditions.
with measurement of the AVIRIS instrument (Airborne Vis-
ible/Infrared Imaging Spectrometer of NASA) to cover the
whole spectral range. Figure 4 also indicates the high vari-
ability of soil. Bright soil decreases the sensitivity to aerosol,
thus the retrieval is more restricted or even impossible.
Over ocean and in the NIR the Fresnel reﬂectance of the
surface is sufﬁcient to be considered, as one can see in Fig. 4.
However, for the SW channels water leaving and ocean sur-
face reﬂectance is required. For SeaWiFS – because of the
sensor tilt away from sun – a calculation of the ocean surface
reﬂectance, using Cox and Munk (1954) with the actual ge-
ometry conditions of the scenes, is used and is sufﬁcient to
correct glint effects. For MERIS this is not sufﬁcient, there
glint regions need to be excluded.
The correct estimation of the surface term by the spectral
surface model is very important, because it determines di-
rectlytheaccuracyofAOT.Adeviationofsurfacereﬂectance
of 0.01 leads to a change in AOT depending on aerosol type
of about 0.1.
The sensitivity of the aerosol reﬂectance with respect to
deviations of the surface reﬂectance is shown in Fig. 5. In
case of the determination of surface reﬂectance by the model,
Eq. (6) and the iteration described later in Sect. 3.5 we derive
the apparent effective surface reﬂectance of the scene. The
aerosol reﬂectance can be obtained with an accuracy of 0.005
and then the AOT depends on the selected look-up-tables
(LUT). The adaptation of the apparent surface reﬂectance to
that situation within the pixel and the minimization of the de-
viation between the estimation and the real situation is made
by three parameters: (a) the scaling factor SF (Eq. 8), adapt-
ing the general level of the surface reﬂectance to radiance
level within the scene, (b) the atmospheric corrected NDVI,
giving the spectral behaviour of the surface reﬂectance for
the short wave channels and (c) iterative smoothing of the
AOT output, making a ﬁne tuning with Eq. (15), described
later in Sect. 3.5. Thus, the deviations of the apparent sur-
face reﬂectance from the true one should come close to zero.
Additionally, the aerosol retrieval is made over areas fully or
partly covered by vegetation. There, the expected reﬂectance
for the channels 1–7 is in the range of 0.05 and less. Thus,
good conditions for the aerosol retrieval exist.
3.4 AOT determination
For the conversion of the reﬂectance data into AOT look-up-
tables (LUT) either between top-of-atmosphere reﬂectance
and AOT or aerosol reﬂectance and AOT are required. For
the generation of LUT radiative transfer model calculations
have to be performed, using aerosol and surface character-
istics, Rayleigh scattering and geometry of illumination and
observation. Aerosol characteristics are given by an aerosol
phase function, the spectral single scattering albedo and a
range of AOT, for instance 0.03–2.5. Since the observation
data are corrected to an aerosol reﬂectance, also the radiative
transfer calculations, giving ρRTM
TOA, are corrected in the same
way:
ρAer(λ)=ρRTM
TOA(λ)−ρRay(λ)
−
ttot(z0)·ttot(zS)·ASurf(λ)
1−ASurf(λ)·rhem(δtot,g)
. (9)
Since in this case ρRay(λ) and ρSurf(λ) are known, ρAer(λ)
starts at 0.0 for AOT=0 and contains multiple scattering ex-
change between aerosols and air molecules. Thus the LUTs
contain AOT as functions of aerosol reﬂectance.
δAer(λ)=f(ρAer(λ,z0,zS,φ)) (10)
For each geometry constellation and spectral channel one ob-
tains functions, which can be parameterised as polynomials
of the second degree:
δAer(λ) = c0(λ,z0,zS)+c1(λ,z0,zS)·ρAer(λ,z0,zS)
+c2(λ,z0,zS)·ρ2
Aer(λ,z0,zS), (11)
resulting in sets of c0, c1 and c2 coefﬁcients for each ge-
ometry constellation and spectral channel. The polynomial
ﬁt enables a fast interpolation between the discrete values of
the radiative transfer modeling. Thus, for each channel the
AOT δAer is retrieved.
Since this is a quite large number of cases a reduction of
cases is made, using air mass corrected aerosol reﬂectance
(ρAer AC). For these corrections single scattering in the at-
mosphere is assumed.
ρAer AC =ρAer·
M(z0)+M(zS)
M(z0)·M(zS)
(12)
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Fig. 6. Examples of spectral look-up-tables to convert (a) left: TOA reﬂectance to AOT and (b) right: aerosol reﬂectance into AOT for the
main MERIS channels for one given illumination – viewing conﬁguration (z0 =38◦, zS =23◦, φ =68◦). The example shows results for
LUT No. 6 – experimental phase function of LACE-98 and non absorbing aerosol.
Fig. 7. Dependence of AOT on aerosol reﬂectance for MERIS channel 2 (0.443µm). Inﬂuence of illumination and viewing geometry on
LUT (left) and after its airmass correction (right). The parameter of x-axis of right ﬁgure is the air mass - corrected aerosol reﬂectance given
by equation (12)
These air mass – corrected LUTs reduce the number of re-
quired relationships to few ones for reference air mass con-
ditions, which also are parameterized in form of polynomials
of second degree for a fast processing. As one can see from
Fig. 7 this simpliﬁcation gives quite good approximation for
AOT<1. For AOT>1 the deviations due to multiple scat-
tering require the correct consideration of the geometry con-
ditions. However, themostsituationsfulﬁltheﬁrstcondition.
Figure 6 gives a graphical example of the LUT con-
tent by plotting AOT as function of the aerosol- or TOA
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Fig. 8. Experimental phase functions of the experiments, ACE-2,
LACE-98 and SAMUM in comparison with phase functions of the
OPAC aerosol models, which are used for the LUT calculation.
Additionally the dashed line gives the phase function for the syn-
thetic data of the algorithm inter-comparison by Kokhanovsky et
al. (2010).
reﬂectance, computed using “green vegetation” as surface,
for non absorbing aerosol and for an experimental aerosol
phase function, determined during the LACE-98 experiment,
von Hoyningen-Huene, 2003. Figure 7 presents the geome-
try inﬂuence in aerosol reﬂectance and in the air mass - cor-
rected aerosol reﬂectance according Eq. 12.
The aerosol characteristics of the radiative transfer calcu-
lations for the LUT are the phase function, spectral single
scattering albedo and a given range of AOT (like here, 0–
2.5). The phase function and single scattering albedo are
obtained either from predeﬁned aerosol models, like OPAC
(Hess et al., 1998) or from experimental data of sun-/sky ra-
diometer measurements of AERONET (Dubovik and King,
2000; Dubovik, 2002, 2006) or special campaigns, like ACE-
2, LACE-98, SAMUM (von Hoyningen-Huene et al., 1997,
1999a, b, 2003, 2009; Silva et al., 2002; Ansmann et al.,
2002). Aerosol phase functions and single scattering albedo,
applied in radiative transfer calculations for LUT are pre-
sented in Figs. 8 and 9.
The main characteristics of the aerosol for the LUT are
the phase functions. They are normalized to 1 (in 1/sr).
The spectral change in phase function is neglected within the
wavelength range of 0.412–0.670µm for the land retrievals,
because experimentally no signiﬁcant deviations could be
found. Also the spectral change in single scattering albedo
is neglected, because it is small in the used spectral range.
The set of selectable LUTs of BAER is presented in Table 3.
Fig. 9. Experimental spectra of single scattering albedo of LACE-
98 and SAMUM in comparison with the continental aerosol model
of OPAC (AC – average continental, CC – clean continental).
The application of the algorithm with several test scenes,
using different LUTs and the validation lead to the con-
clusion, that LUT No. 6, LACE-98, non-absorbing aerosol
worked as an all round LUT, giving close results with
AERONET data for the most conditions.
In cases of strong pollution high AOT tends to be underes-
timated up to 20% with this LUT. Therefore LUTs with more
absorbing aerosol need to be selected.
Applying LUT with the ﬁrst guess of aerosol reﬂectance,
obtained by the corrections of Rayleigh path reﬂectance and
surface reﬂectance as described in Sect. 3.3, gives an AOT
with a noisy spectral behaviour, varying around the real spec-
tralslope. ThespectralAOTobtainedhasnosmoothdecreas-
ing spectral behaviour as it should be according to aerosol
models. It has over land a noisy disturbed spectral slope,
which disables a clear determination of an aerosol type from
the 7 channels of the MERIS observation. Therefore an iter-
ative smoothing of the spectral behaviour of the AOT with an
application of convergence criteria is required.
3.5 Constraints, iterative smoothing and convergence
criteria for AOT
Since in the reality the aerosol optical thickness has a smooth
spectral behaviour, the noisy disturbed spectral slope, ob-
tained by the application of Eqs. (2) and (10), is constrained
to follow approximately an Angstr¨ om power law
δAer(λ)=β·λ−α =δAer(λref)·

λ
λref
−α
. (13)
One could use also another spectral aerosol model. However,
the information content of the satellite data is not sufﬁcient
to separate more sophisticated aerosol models from surface
effects without interferences of surface effects. Therefore we
selected this simple spectral model for smoothing.
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Table 3. Look-up-tables in use and their characteristics.
LUT Aerosol model Phase function Single scattering albedo
number (λ=0.5µm)
1 Clean marine OPAC, clean marine 1.0
2 Clean continental OPAC, clean continental 0.975
3 Average continental OPAC, average continental 0.928
4 ACE-2, marine ACE-2, experimental 1.0
5 LACE-98, absorbing LACE-98, experimental 0.98
6 LACE-98, non-abs. LACE-98, experimental 1.0
7 Desert SAMUM, experimental 0.97
The deviations determined from the individual estimates
δAer(λι) of channel i and the value δAer(λi) represented by
the Angstr¨ om power law should be minimized, expressed by
the
RMSD=
1
N
r
XN
i=1(δAer(λi)−δAer(λi))2 (14)
by modifying the surface reﬂectance in an iterative scheme
running over j,
ρSurf,j(λ) = ρSurf,j−1(λ)·w(λ)
·
 
1−
δAer,j(λ)−δAer,j(λ)
δAer,j(λ)
!
. (15)
until root mean square deviation, RMSD<0.005 is reached.
Here β =δA(λ=1.0µm) is the turbidity coefﬁcient and α
is the spectral slope of Angstr¨ om power law. Instead of β
another reference wavelength λref for the reference AOT can
be used, which is in this case the AOT of the ﬁrst instrument
channel with λ1. This is due to the lowest surface reﬂectance
and therefore the lowest retrieval error by the surface inﬂu-
ence. The weighting factors w(λ) determine the degree of
variation of the surface reﬂectance spectrum by the iterations
and determine the speed of the convergence. Small values
are used for reﬂectance values close to the expected ones and
large values for channels with expected larger deviations.
The Angstr¨ om parameters α and β are calculated here by
the least squares ﬁt of the Angstr¨ om power law with the re-
trievalsforallusedspectralchannels, i.e.channels1to7over
land, instead of the mostly applied two-channel-approaches,
cf. Eck et al. (1999).
With this ﬁt, we get:
α =
PN
i=1[(lnδAer(λi)−lnδAer)·(lnλi −lnλ)]
PN
i=1[lnλi −lnλ]2)
(16)
and
β =exp(lnδAer+lnλ·α) (17)
with N – the number of spectral channels used.
lnδAer = 1
N
PN
i=1lnδAer(λi) and lnλ = 1
N
PN
i=1lnλi de-
scribetheaveragedlogarithmsofthespectralAOTandwave-
lengths, respectively.
This approach gives a much more stable estimation of the
Angstr¨ om parameters for a multi-wavelength approach then
a two-wavelength estimation, especially, if one has errors in
the ﬁrst iterations for the AOT of the single channels. Fur-
thermore it is easy to transfer the reference wavelength for
the AOT from β =δAer (1.0µm) to each wavelength desired,
using Eq. (13). The main purpose of the use of the Angstr¨ om
power law is to ensure a sufﬁcient smoothness of the AOT
spectrum.
For the ﬁrst iteration of the determination of the AOT, the
surface reﬂectance obtained by Eq. (6) is used. Then, the it-
erative smoothing described in Eq. (15) modiﬁes the spectral
surface reﬂectance depending on deviations of the smoothed
spectral AOT. With the modiﬁed surface reﬂectance an im-
proved AOT is obtained and so on, until RMSD has reached
its deﬁned minimum. Finally the AOT for the used spectral
channels is found and the iteration can be stopped.
Within the iterations the Angstr¨ om parameters are con-
strained as follows: The spectral slope α is determined in the
ﬁrst iteration from the retrieved value of the AOT. It is de-
ﬁned to lay within the limits −0.5≤α ≤2.0. These bound-
aries are selected from extreme spectral conditions for the
AOT, found in ground-based measurements. If the retrieved
spectral slope is outside this limit it is set to the climato-
logic average of α =1.3. This constraint corresponds to the
range of the alpha obtained for the majority of atmospheric
aerosol types from sunphotometer measurements (Holben et
al., 2001) and models cf. d’Almeida et al. (1991).
Extensiveapplicationsoftheprocedureindicateadifferent
impact of the different spectral channels on the determination
of spectral slope of AOT. Since the MERIS channels 1 to 4
(0.412–0.510µm) with low surface reﬂectance enable to rec-
ognize the spectral slope, these channels are most important.
Therefore these channels are treated with smaller weighting
factors w(λ) in Eq. (15) than channels 6 and 7 close to “the
red edge”. The weighting factor scales spectrally the itera-
tive change of the surface reﬂectance, thus it determines the
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Fig. 10. Example of a histogram of the ratio R = ρTOA
(0.412µm)/ρTOA(0.443µm) of a real satellite scene. The ratio
value, discriminatingtheclearskyrangeisusedforcloudscreening.
convergence of the iteration. The weighting factors were de-
termined empirically to reach a fast enough and sufﬁciently
stable convergence of the iteration procedure. In channel 5
at 0.560µm an insufﬁcient separation of the vegetation peak
is found. The vegetation peak at this wavelength is highly
variable and this variability is not well considered by the lin-
ear mixing model of the spectral surface reﬂectance (Eq. 6)
using one spectrum for “green vegetation” and “bare soil”
only. This was the reason for increased AOT in this channel
and consequently systematic decreased Angstr¨ om α. There-
fore this channel is associated with an increased weighting
factor w(λ).
3.6 Cloud screening in BAER
Really cloud free conditions are very important for the re-
trieval of AOT, because the approach described above, is
valid for cloud free conditions only. Therefore a pre-step
for the AOT retrieval is a rigorous cloud screening. Uncon-
sidered clouds increase the retrieved AOT and change their
spectralbehaviour. Thisisveryrelevant, iftemporalaverages
are required. One non-recovered cloud can bias the average
for one month signiﬁcantly.
Since MERIS and SeaWiFS do not have channels in the
thermal IR, the cloud screening uses cloud properties in the
VIS channels of the instruments for their discrimination.
Based on main cloud properties: (1) clouds are bright,
e.g. cloudy pixels have an increased TOA reﬂectance,
(2) clouds have a spectrally neutral reﬂectance, (3) clouds
are elevated and (4) clouds are inhomogeneous, three criteria
for the cloud screening have been derived:
1. Pixels are ﬂagged as cloudy, if the TOA reﬂectance
ρTOA in 3 SW channels exceeds an assumed minimum
cloud reﬂectance ρCl Min, obtained from Kokhanovsky
(2001): ρTOA ≥ρCl Min. For nadir conditions and nor-
mal aerosol loads we use ρCl Min =0.2. This condition
works for fully cloudy pixels. It has limits for strongly
increasedaerosolloading(strongurbanpollution, desert
dust storms, plumes of forest ﬁres). In this case ρCl Min
has to be increased. It is not sufﬁcient for low frac-
tional cloud coverage. For this purpose clouds should
be “white” in a RGB plot, while aerosols deviate from
“white”.
2. A decreased spectral slope of TOA reﬂectance indicates
thincloudsandfractionalcloudcoveragebelowρCl Min.
The characterization of the spectral slope is made by the
ratio of channel 1 and 2: R = ρTOA (0.412µm)/ρTOA
(0.443µm). The analysis of this ratio for scenes over
Europe for cloudy and cloud free scenes. One example
is presented in Fig. 10. The partly cloudy scenes are
removed using the criterion R >1.15.
3. Since clouds are inhomogeneous the ratio of standard
deviation (σ5×5) to average of ρTOA (AV(ρTOA)5×5) or
AOT (AV(AOT)5×5) is used to characterize the spatial
variability within a 5×5 pixel box for the retrieved
spectral channels. If RV = σ5×5/AV>0.10, then a
scene is taken as cloudy. For low AOT an increased
boarder needs to be selected.
All three criteria together remove the most cloud effects.
However, not all criteria can be applied everywhere and for
every case. For instance, over bright desert ground ρCl Min,
criterion 1 has to be increased. If bright grounds are elevated,
R under criterion 2 needs to be decreased. A very low AOT
(<0.1) requires an increased RV, because of heterogeneity
of land surface. Therefore bright grounds, like snow and ice
cover, also very bright bare soil regions are excluded.
Other effects, connected with clouds are cloud shadows.
Cloud shadows cause too low AOT values (even sometimes
a negative ones). For the detection of cloud shadows two
indicators are applied.
1. One fraction of cloud shadows occur within areas of
scattered clouds and increases the standard variation
and will be removed by the analysis of the inhomogene-
ity (criterion 3).
2. Secondly cloud shadows reduce the atmospheric scat-
tering and surface reﬂection. The case having a TOA re-
ﬂectance lower than Rayleigh path reﬂectance, ρTOA <
ρRay, is a clear indication for cloud shadows.
Since the cloud products of standard satellite data products
(like cloud fraction or cloud ﬂagging) do not cover the case
of totally cloud free sky in a sufﬁcient way for an aerosol
retrieval, the application of all criteria above for clouds and
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Fig. 11. Retrieval of AOT at 0.443µm for a clear day over eastern
US on 21 November 2003, 15:48UTC. Aerosol source regions can
be identiﬁed. New York, Philadelphia, Washington and some other
urban areas in Florida can be identiﬁed with an increased AOT of
about 0.07 to 0.1 compared to the surrounding conditions. Near the
South-East coast of Florida disturbances from “case 2” – water with
sediment content can be seen as apparently increased AOT.
cloud shadows is recommended. The criteria above are in-
vestigated and tested within the MICROS approach for the
determination of synergetic cloud fration algorithm, pre-
sented by Schlundt et al. (2010).
3.7 BAER versions
The approach described above exists in different realizations
depending on instrument and input data products (see Ta-
ble 4). Thus the program can be used for MERIS RR (re-
duced resolution) and MERIS FR (full resolution) data. Here
all spectral MERIS channels are used, except those hav-
ing strong gaseous absorption by O2 (channel 11) and wa-
ter vapour (channel 15)–13 channels in total can be used.
Thus 7 channels below the “red edge” can be used for the
determination of the spectral AOT (0.412–0.670µm) and the
NIR channel at 0.865µm additionally is used additionally for
Fig. 12. Smoke plumes of the large forest ﬁres in Greece of summer
2007, MERIS RR scene of 26 August 2007, 09:21UTC. Several
forest ﬁres at the Greek and Albanian coasts can be identiﬁed and
the aerosol transport along the trajectories to the south – west can be
observed. Thus satellite observations enable the control of pollution
even there, where no direct observations are available.
the NDVI. Both versions extrapolate then the AOT for all
MERIS channels and perform a complete atmospheric cor-
rection for them, giving additionally surface directed spectral
reﬂectance. In the case of L1 data, the TOA radiance, given
by the L1 product, is transferred into TOA reﬂectance and
the BAER approach is used as described above.
In the case of L2 data, the Rayleigh corrected reﬂectance
is used, given by the L2 data product. The L2 data product
provided by ESA, do not contain the complete atmospheric
correction over land. The processing of the product consid-
ers only the Rayleigh path reﬂectance. In this case the step of
correction of Rayleigh path reﬂectance is omitted in BAER.
This version completes atmospheric correction over land for
the L2 data and is available as a plug-in for the BEAM tool-
box, provided by ESA, BEAM (2007).
A version running with a reduced channel setting can be
applied for different satellite instruments, having the main
channels of ocean colour instruments, e.g. 6 channels be-
low the “red edge” and the 0.865µm for the determination
of NDVI – 8 channel version. It can be used for MERIS L1
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Fig. 13. Composite of MERIS AOT retrievals at the wavelength
0.443µm for 3 orbits of MERIS RR data over northern Europe for
1 May 2006, showing pollution transport around a high pressure
system over northern Russia. The scene shows a large scale pollu-
tion transport from Europe to the Arctic, causing arctic haze. The
atmospheric conditions and the study of pollution transport is dis-
cussed in detail by Treffeisen et al. (2007). The highest values of
AOT in the pollution plume over Russia are screened out by the
cloud screening, also scattered clouds are not removed totally, be-
cause not all criteria of the cloud screening have been applied.
RR, MERIS L1, FR, SeaWiFS LAC (local area cover), Sea-
WiFS GAC (global area cover). MODIS data can be used, if
the ﬁrst ocean colour channels do not reach saturation over
land.
4 Results and validation
4.1 Results of AOT retrievals
For the demonstration of the capabilities of the approach, de-
scribed above, some examples of AOT retrievals are shown.
We concentrate here on results for channel 2 (0.443µm), be-
cause this channel has a low retrieval error. All retrievals
have been made with the same LUT, No. 6 of Table 3.
This LUT is selected, if no speciﬁc a-priori knowledge of
the existing aerosol type is known. It is found, that in the
most cases this LUT gives reliable results, as can be seen in
Sect. 4.2 on validation.
Fig. 14. AOT of channel 1 – 0.412µm, showing pollution transport
from Eastern US towards the Atlantic ocean, 8 August 2001, ob-
served with SeaWiFS. SeaWiFS L1b LAC data of GSFC receiving
station and BAER 8-channel version are used.
The selected scenes of MERIS data are part of validation
data sets for the validation results in Sect. 4.2. They show
cases of low aerosol loading over Eastern US (Fig. 11) and
high ones during Greek ﬁre season in 2007 (Fig. 12). More
detailed explanations are given within the ﬁgure captions.
As single scene (about 8min of MERIS data) – a part of
one orbit can be processed with a normal desktop personal
computer. Larger scenes need to be split into smaller parts
for processing and composed from the fractions. Examples
of composites of more scenes and orbits are presented in
Figs. 13 and 21.
Scenes of SeaWiFS data are presented in Figs. 14 and
21, to demonstrate the capability of the 8 channel version
of BAER. Figure 14 shows aerosol transport from Eastern
US to the Atlantic and Fig. 21 a daily composite of an AOT
retrieval, using SeaWiFS GAC data for the globe.
Further a normal case of aerosol loading over Germany
is selected in Fig. 15 to present spectral AOT. The surface
reﬂectance data of the retrieval are given in Fig. 16.
The selected scenes should give examples, how the ap-
proach can be applied for the observation of the regional
aerosol impact in terms of the AOT as well over land as over
ocean. Thus such aerosol retrievals can contribute to en-
vironmental control of air pollution by aerosols, especially,
if additional aerosol products, like PM10 concentrations are
derived from AOT, as it is done by von Hoyningen-Huene et
al. (2008).
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Fig. 15. Retrieval of AOT at 0.443µm over Germany and sur-
rounding areas, using MERIS RR L1 data of 13 October 2005,
09:54UTC, showing average autumnal aerosol loading. Pollution
in the valley of the river Po in northern Italy is visible. Increased
AOT also is seen in the vicinity of the large cloud system at the east
side of the swath, probably caused by cloud inﬂuence.
Pollution in the valley of the river Po in northern Italy is
visible in Fig. 15. Increased AOT also can be seen in the
vicinityofthelargecloudsystemattheeastsideoftheswath,
probably caused by cloud inﬂuence.
The scene given in Fig. 15 is used to present the retrieval
data more in detail, e.g. spectral AOT and spectral surface
reﬂectance in Fig. 16. Rectangles in Fig. 15 indicate loca-
tions, where spectra of AOT have been selected. Three land
sites, DK – Denmark (near Kolding), D – Germany (near
Bremen), I – Italy (Po valley near Milan) have been selected,
where both, AOT and surface reﬂectance are given. Addi-
tionally two sea sites have been selected for the spectra of
surface reﬂectance: B – Baltic Sea and M – Mediterranean.
The spectral surface reﬂectance in Fig. (16b) is the result of
the atmospheric correction, applying spectral AOT to cor-
rect for the effect of aerosol reﬂectance. The spectra over
Denmark and Germany are typical for dark dense vegetation
without free bare soil fractions. The spectra over Italy are
typically for only fractional vegetation coverage, where the
surface reﬂectance is partly determined by bare soil.
4.2 Validation of AOT and error estimation
Validation and evaluation of the retrieval approach is made
by different ways: (a) inter-comparison of the AOT re-
sults with ground based AERONET data, Holben et al.,
2001 and (b) retrievals with synthetic test data, provided by
Kokhanovsky et al. (2010).
(a) Inter-comparison with ground-based AERONET data.
For the BAER application with MERIS L1 data a valida-
tion against AERONET data has been made. Since the focus
of our retrievals is mainly on Europe, 28 AERONET sites
over Europe have been selected. Additional 9 sites in east-
ern US and Canada are included within this study. Figure 17
indicates the positions of the validation sites, the names of
the sites are provided in Table 5. Cloud screened level 2 (or
if not available level 1.5) AERONET data have been used
within a time ±1h around the MERIS overﬂight time. Ar-
bitrary cloud free MERIS scenes of different project studies
and measurement campaigns within the time 2003 and 2006
have been used for comparisons with the ground-based data.
The retrieval procedure contains a data set with the geo-
graphic coordinates of the validation sites and within a cir-
cle of 0.03◦ around these coordinates. Average and standard
deviation of AOT is taken from the retrieval results. This
is compared with the ground based AOT data of the associ-
ated AERONET site within a time interval of ±1h. Since
AERONET provides AOT data for the wavelengths 0.44,
0.67, 0.87 and 1.02µm, the ﬁrst study was made with MERIS
channel 2 (0.443µm) in a direct inter-comparison.
The results of these inter-comparisons for the MERIS
channel 2 (0.443µm) are presented in Fig. 18.
The comparison of the retrieved AOT for the wavelength
0.443µm with the AERONET channel of 0.440µm in Fig. 18
shows, that both data sets are correlated. A signiﬁcant re-
lationship between retrieved AOT and AERONET derived
AOT is found as
δAer,MERIS(0.443µm) =
0.866·δAer,AERONET(0.440µm)+0.051
with a correlation coefﬁcient of r =0.961. The average de-
viation of the retrievals from the regression line for this data
set is 0.052. Thus the retrieval error of AOT for the chan-
nel 0.443µm can be estimated as 1δAer(0.443µm)=±0.05.
This is for an average AOT of 0.2 an error of 25%.
With a smaller data set the same study for MERIS chan-
nel 7 (0.665µm) is performed with AERONET channel of
0.67µm over Europe only. Because of the lower AOT val-
ues the error of the retrieval is increased and the correlation
is weaker. The correlation coefﬁcient is r = 0.832 and the
relative error reaches there 35%.
Since BRDF effects have a stronger effect on AOT for
larger wavelengths than for shorter ones (increased surface
reﬂectance and smaller AOT), the consideration of BRDF in-
creases the Angstr¨ om α parameter and leads to smaller AOT
for the 0.665µm wavelength. This could reduce the error for
0.665µm. The effects of BRDF are still under investigation.
(b) Inter-comparison with synthetic test data.
Simulated TOA reﬂectance data, obtained by SCIA-
TRAN (Rozanov et al., 2001, 2005) have been provided by
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Fig. 16. (a) left – retrievals of spectral AOT of the MERIS RR scene of 13 October 2005, 09:54UTC for the selected regions in Fig. 14:
Denmark (near Kolding), Germany (near Bremen), Italy (Po valley near Milan). (b) right – spectral surface reﬂectance for all sites and
additionally for sites over the Baltic Sea and Mediterranean.
Fig. 17. Location of validation sites of AERONET, used for the inter-comparison of AOT retrievals from MERIS L1 data with ground based
measurements of AOT.
Kokhanovsky et al. (2010) for the test of aerosol retrieval
algorithms. The modelled data of TOA reﬂectance were pro-
vided for conditions of “black” surface for an “unknown”
aerosol type and a given illumination and viewing geometry
(z0 =60◦, zS =0◦) for a range of unknown values of AOT,
which should be retrieved. Figure 19 presents the results
of AOT retrieval with the given AOT used for the radiative
transfer modelling. The results of the inter-comparison give
very different results depending on the selected phase func-
tion and corresponding LUT. Using the LUT with the exper-
imental LACE-98 phase function, which gave in the inter-
comparison with the AERONET data the best results, a large
underestimation of AOT has been obtained, using the mod-
eled test data. Selecting a-priori the LUT for clean marine
aerosol a quite good correspondence of the AOT retrieval
has been found. The phase function of the clean marine
model coincides with that phase function used for the mod-
eling of synthetic TOA reﬂectance data. The phase functions
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Table 4. Overview of BAER versions.
Input data BAER version Results Remarks
MERIS L1 RR 13 channel
version
AOT for MERIS
channels 1–7
Surface reﬂectance for
channels 1–10, 12–14
Spatial resolution
1.1×1.1km2
MERIS L1 FR 13 channel
version
AOT for MERIS
channels 1–7
Surface reﬂectance for
channels 1–10, 12–14
Spatial resolution
0.3×0.3km2, same
program code as above
MERIS L1 RR
SeaWiFS LAC
(MODIS)
8 channel
version
AOT for MERIS
channels 1–5, 7 or SeaWiFS
channels 1–6
Spatial resolution
1.1×1.1km2
SeaWiFS GAC 8 channel
version
AOT for SeaWiFS
channels 1–6
Spatial resolution
4.5×4.5km2
MERIS L2 RR 13 channel
version
AOT for MERIS
channels 1–7
Surface reﬂectance for
channels 1–10, 12–14
Spatial resolution
1.1×1.1km2, completion
of atmospheric correction of
MERIS L2 product over land
Table 5. AERONET sites used in validation studies of BAER. Latitudes and longitudes are given in degrees.
Europe North America Other regions
Location Lat. Lon. Location Lat. Lon. Location Lat. Lon.
Avignon 43.933 4.878 Cartel X 45.379 −71.931 Anmyon 126.267 126.267
Dunkerque 51.035 2.368 Columbia SC 34.023 −81.036 Ascension −7.883 −14.417
Bremen (IUP Cimel) 53.05 8.78 Cove 36.900 −75.710 Azores 38.530 −28.630
Cabauw 51.971 4.927 Egbert 44.226 −79.750 Bamizoubou 13.541 2.665
DenHaag 52.110 4.327 GSFC 39.030 −76.880 Cabo-Verde 16.733 −22.935
El-Arenosillo 37.105 −6.733 MD Science Center 39.283 −76.618 Ilorin 8.320 4.340
Evora 38.568 −7.912 Walker Branch 35.958 −84.284 Midway 28.220 −177.170
Fontaibleau 48.407 2.680 Wallops Island 37.942 −75.475 Ouagadogou 12.200 −1.400
Ft. Crete 34.656 22.129 Praja 14.974 −23.484
Gotland 57.917 18.950 SantaCruz 28.660 −16.330
Hamburg 53.586 9.973 Thala 35.550 8.683
Helgoland 54.178 7.887
ISGDM-CNR 45.437 12.332
Ispra 45.803 8.627
Karlsruhe 49.093 8.428
Europe (continued) Europe (continued)
Laegeren 47.480 8.351 Oristano 40.307 7.906
Lampedusa 35.517 12.632 Palaiseau 48.700 2.208
Lecce 40.335 18.111 Paris 48.867 2.333
Leipzig 51.354 12.435 Rome 41.840 12.647
Lille 50.612 3.142 Stockholm 58.580 16.150
Mainz 49.999 8.300 Toravere 58.255 26.468
Messina 38.197 15.567 Toulon 43.136 6.009
Modena 44.632 10.945 Venise 45.314 12.508
Oostende 51.225 2.925
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Fig. 18. Validation of BAER AOT retrievals using MERIS L1 data
for the wavelength 0.443µm against AERONET channel 0.440µm
for collocated data over European and US sites.
Fig. 19. Synthetic data retrieval. BAER retrieval results for two
different phase functions: experimental LACE-98 and OPAC clean
marine, using synthetic test data of Kokhanovsky et al. (2010). The
dashed line is the plot of the synthetic test data.
used for the test retrievals and the synthetic data are plot-
ted in Fig. 7. The different results underline the importance
of the selection of the appropriate phase function in BAER.
The disagreement of the retrieval results from the synthetic
data, using LUT with the LACE-98 phase function, and on
Fig. 20. Instrument degradation according 4. and 5. reprocessing in
comparison with the lunar calibration of the SeaWiFS instrument.
the other hand their quite good agreement with AERONET
data, shows, that this synthetic data did not characterize the
majority of real observation conditions.
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Fig. 21. Daily AOT product for the globe of 3 May 2006, obtained by BAER, using SeaWiFS GAC data for the generation of monthly
averages.
4.3 First estimation of trends in AOT from SeaWiFS
observations
The method described in Sect. 3 has been applied to the long-
term data series of SeaWiFS Global Aerea Cover (GAC)
data. The SeaWiFS data were available since October 1997
up to now. The presented and analysed here time span was
October 1997–May 2008. The investigation of such a time
span requires the consideration of the degradation of the Sea-
WiFS instrument, done by the SeaWiFS calibration team
of NASA, providing the calibration functions to calculate
the radiance from the measured counts by the instrument.
The degradation behaviour, given for the 5-th SeaWiFS re-
processing, is used, see examples for channel 2 and 8 in
Fig. 20, to obtain a TOA reﬂectance free of degradation ef-
fects, which could be used then for the application with the
BAER approach for the retrieval of AOT. One aerosol phase
function (LUT number 6 from Table 3) is used for the whole
time series. An example of the daily global aerosol product,
which is used for the determination of monthly averages, is
given in Fig. 21 for the 3 May 2006. An extended description
of the trend determination and its validation will be given in
Yoon et al. (2011). First results of long-term AOT retrieval
for some of the regions of interest of the CITYZEN project
(7.FrameworkProgrammeoftheEuropeanCommission)are
presented here. Selected regions of interest of this research
program were under others: BeNeLux-big (Begium, Nether-
lands, LuxemburgandRhein-RuhrregionofGermany: 1◦ E–
8◦ E, 48◦ N–54◦ N), Po-Valley – big (Northern Italy: 7.5◦ E–
13.5◦ E, 44◦ N–46◦ N), Eastern Europe (OECD deﬁnition,
18◦ E–60◦ E, 40◦ N–65◦ N) and Pearl River Delta (in China:
112◦ E–115.5◦ E, 22◦ N–24◦ N). All SeaWiFS observations
of the regions have been used for the AOT retrieval for the
SeaWiFS channels 1–6. Then monthly averages of AOT have
been determined from the retrievals. The time series of the
monthly averages of AOT for the four regions of interest are
given in Fig. 22. The monthly averages of AOT show a dis-
tinctannualcycle, likealsocomparableAERONETdatawith
increased AOT in summer months and lower values for win-
ter. Fitting linear relationships through the retrieved monthly
averages let estimate the average annual trend of AOT within
the almost 11 year period. The obtained values for the trend
are given in Table 6. Data for two channels (0.443 and
0.555µm) are presented. Differences in the trends for both
wavelengths are due to uncertainties, mainly in surface re-
ﬂectance. The regions BeNeLux-big and Po-Valley-big show
a clear negative trend in AOT over the period of 11 years re-
lated to improved air quality within these regions. In the re-
gion Eastern Europe within the period almost no trend can
be detected. However the region Pearl River Delta in China
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Fig. 22a. Time series of AOT for SeaWiFS channel 1 (0.412µm)
andchannel5(0.555µm)forthetimespanOctober1997–May2008
for the selected regions of interest: BeNeLux-big (Fig. 22a), Po-
Valley-big (Fig. 22b), Eastern Europe (Fig. 22c) and Pearl River
Delta (Fig. 22d). Linear ﬁts for the trends of the retrieved AOT are
presented as dashed lines.
Fig. 22b. Po-Valley-big.
is characterized by a clear increasing trend of AOT. More re-
sults and investigation of the signiﬁcance of the trends will
be given by Yoon et al. (2011).
5 Summary and conclusions
Bremen AErosol Retrieval (BAER) is a retrieval approach
for AOT over land (and ocean) applicable for nadir viewing
ocean colour sensors, like MERIS or SeaWiFS. It separates
the spectral aerosol reﬂectance from surface and Rayleigh
Fig. 22c. Eastern Europe.
Fig. 22d. Pearl River Delta.
path reﬂectance for the short wave range of the measured
spectrum of top-of-atmosphere reﬂectance at wavelengths
less than 0.670µm. The advantage of MERIS is the ex-
istence of several spectral channels in the blue and visible
range enabling the spectral determination of AOT in 7 chan-
nels (0.412–0.670µm) and additionally channels in the NIR,
which can be used to characterize the surface properties. A
dynamical spectral surface reﬂectance model for different
surface types is used to obtain the spectral surface reﬂectance
for this separation. Normalized differential vegetation index
(NDVI), taken from the satellite observations, is the model
input. Spectral AOT is obtained from aerosol reﬂectance us-
ing look-up-tables, obtained from radiative transfer calcula-
tions with given aerosol phase functions and single scattering
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Table 6. Average annual change in AOT for selected regions of
interest.
Wavelength/ Channel 1, 0.412µm Channel 5, 0.555µm
Region 1AOT(0.412)/year 1AOT(0.555)/year
BeNeLux-big −0.0039 −0.0034
Po-Valley-big −0.0033 −0.0031
Eastern Europe −0.00055 −0.00013
Pearl River Delta +0.0065 +0.0044
albedo either from aerosol models, given by OPAC or from
experimental campaigns.
Validations of the obtained AOT retrieval results with
AERONET data over Europe gave a preference for experi-
mental phase functions derived from sky radiometer almu-
cantar measurements. The validation showed an agreement
of AOT with AERONET within 0.05. Further the retrieved
AOT does not have sharp contrasts between land and ocean.
Thus regional or temporal changes in AOT can be investi-
gated. Using SeaWiFS data, trends in AOT for speciﬁc re-
gions are found.
The ocean part of the retrieval approach is not described
here. It uses a mixing of “clean water” and “coastal water”,
tuned by the NDPI (Normalized Differential Pigment Index).
For the case of ocean water all channels of MERIS are in-
cluded.
Separation of angular distribution of light ﬁeld between
surface (BRDF) and atmospheric (aerosol and Rayleigh
phase function) effects is one of the major error sources for
the AOT retrieval over land. The BRDF inﬂuence is still un-
der investigation.
Additional products, based on AOT can be derived. Nec-
essary condition is an accurate retrieval of the spectral AOT.
Thus Kokhanovsky et al. (2006) and von Hoyningen-Huene
et al. (2008) estimated PM10 concentrations and effective
radii of aerosol particles from satellite data, using AOT and
Angstr¨ om α parameter.
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